ABSTRACT This study describes the behavioral and histological changes of the molting process in Coptotermes formosanus Shiraki caused by the chitin synthesis inhibitor novißumuron. Termites exposed to novißumuron initiated ecdysis as untreated individuals did; however, peristalsis contractions were weak and the expansion of the dorsal breach of the exoskeleton did not occur. Treated termites could not complete their molting process and died after the initiation of the ecdysis. Histological observations showed that the process of voiding the gut protozoa during premolting was not affected by the novißumuron treatment. However, the formation of the new cuticle was disrupted resulting in the loss of integrity of the cuticle. The alteration of the cuticle was visible in the gizzard (foregut), the thoracic pleurons, and most of the exoskeleton. Muscles were partially able to reattach to the incompletely formed new cuticle, and muscle contractions resulted in tearing off the cuticle. Because the integrity of the newly formed cuticle was compromised by the novißumuron treatment, we concluded that termitesÕ death was caused primarily by the loss of hemolymph as a result of the damage done by the muscle contractions on the exoskeleton during the peristalsis. As the physiological homeostasis was disrupted, termites were too weak to shed their old cuticle, ultimately resulting in termite dying during the molting process.
dose-independent characteristic implies that termites that ingested novißumuron are not affected by the CSI until its next molt, and therefore the CSI can be spread throughout the colony before the secondary repellency occurs (Su 2005) .
CSIs are known to disrupt the molting process of insects and lead to the death of individuals that are under ecdysis; however, the exact mechanism of action of CSIs on termites remains unclear. Nishioka et al. (1979) studied the in vitro effect of CSIs on the formation of cuticle of Chilo suppressalis Walker (Lepidoptera: Noctuidae) and showed that the thickness of cuticle decreased as the concentration of CSIs increased. Mommaerts et al. (2006) reported that larvae of the bumblebee Bombus terrestris L. (Hymenoptera: Apidae), treated with CSIs exhibited high mortality, and microscopic observations showed abnormally formed cuticle leading to segments mechanical weaknesses among affected bees. Other studies showed that dißubenzuron affected the normal lamellate appearance in the procuticle and the deposition of epicuticle in the blowßy Lucilia cuprina Wiedemann (Diptera: Calliphoridae) (Binnington 1985) . It was also tested on Tenebrio molitor L. (Coleoptera: Tenebrionidae) pupae during cuticle formation and led to structural alterations and thickness reduction in newly-formed cuticles (Soltani et al. 2005 ). Doppelreiter and Korioth (1981) showed that dißubenzuron caused ecdysis inhibition on Heterotermes indicola Wasmann and Reticulitermes flavipes (Kollar). Su and Scheffrahn (1993) reported that termites were killed by hexaßu-muron when their ecdysis process was disrupted, but did not describe the disruption process. Although CSIs are known to disrupt the ecdysis process in termites, the mode of action remains unclear.
In this study, we described the alteration of the ecdysis behavior caused by novißumuron in C. formosanus and observed the changes in the structure of the cuticle through histological preparation of novißumu-ron-exposed termites. By comparing our histological observation with healthy termites in their molting process, recently described by Xing et al. (2013) , we can gain greater insight into the effects of CSIs on the molting process of termites and establish the proximal cause of the death of the insect.
Materials and Methods
Termite Collection and Preparation. Termites were collected from three Þeld colonies in Broward County, FL, using bucket traps (Su and Scheffrahn 1986) , and processed according to Tamashiro et al. (1973) . Groups of at least 3,000 termites were placed in a transparent plastic box (27.5 by 17 by 8 cm) with a layer of moist sand and bait matrix Recruit HD pieces (0.5% wt:wt novißumuron, Dow Agrosciences, Indianapolis, IN; soaked in the water for 6 h before use). Termites were fed with bait for 3 d immediately after collection. For controls, a group of termite was fed with wood slabs instead (see below). After being fed on baits, termites were kept in a plastic jar (diameter: 11.4 cm, height: 9.7 cm) containing 10 pieces of moist spruce wood slabs (Picea sp., each piece was 7.8 by 6.6 by 0.6 cm) at 28.8 Ϯ 0.5ЊC. According to Raina et al. (2008) , foraging termites do not molt within the Þrst 2 wk of the collection from the Þeld. Thus, novißu-muron-fed termites were kept in the same jar for another 11 d before being placed in a petri dish (diameter: 9.2 cm, height: 2.1 cm) containing a moist Nile Blue A Þlter paper (0.5% wt:wt) for 48 h. Termites without blue color indicated that they were about to molt, as termites stop feeding and void their gut within 6 d before ecdysis. Termites in the control group were kept in a plastic jar (diameter: 11.4 cm, height: 9.7 cm) with 10 pieces of moist spruce wood slabs (Picea sp., each piece was 7.8 by 6.6 by 0.6 cm) at 28.8 Ϯ 0.5ЊC for 14 d and then were fed with Nile Blue A Þlter paper for 48 h. Their molting behavior and the histological description of their ecdysis was previously described by Xing et al. (2013) , and used for comparison in the current study.
Behavioral Description of Ecdysis in Termites Treated with Noviflumuron. Thirty termites fed with novißumuron and did not acquire the Nile Blue coloration were selected and individually placed in a petri dish (diameter: 9.2, height: 2.1 cm) provisioned with moist Þlter paper and Þve healthy nest mates for daily observations. Once the molting process was initiated, it was recorded by a camera mounted to a dissecting microscope (model DP70, Olympus Optical Co. Ltd., Tokyo, Japan).
Histological Preparation of the Samples. Three termite sample types were collected: 1) healthy termites that were not treated with novißumuron and were not engaged in their molting process (controls), 2) healthy termites that were not treated with novißu-muron and engaged in their molting process (healthy molting), and 3) termites that were treated with novißumuron and engaged in their molting process (treated molting). For all types of samples, at least three individuals per colony of origin were prepared for histological observations. Head capsules and part of the legs of all samples were removed before the samples were immersed into BouinÕs aqueous Þxing solution (75% aqueous picric acid, 20% formaldehyde, 5% acetic acid for 7 d; Martoja and Martoja-Pierson 1967) . Specimens were then dehydrated with successive baths of 75, 95, and 100% ethanol and 100% butanol. After dehydration, samples were placed into a container with 50 parafÞn and 50% butanol for 6 h at 60ЊC. Samples were then successively passed through three containers Þlled with 100% parafÞn and were kept in each container for 24 h at 60ЊC to remove traces of butanol from the specimens, and Þnally embedded into melted parafÞn blocks that were then held at room temperature for the block to solidify. ParafÞn blocks were sectioned at 7 m and stained according to the Azan Heidenhaim protocol (Gabe 1968) . Stained sections were observed with a compound microscope and digital pictures were taken. Although Binnington (1985) measured the thickness of the integument as a variable affected by biological inhibitor using an ultrastructure protocol, we could not reliably take this variable into account in the current study, as the visible thickness of the cuticle may vary because of the angle of the histological section. Therefore, we observed gross morphological changes when comparing the different types of samples.
Results
Ecdysis Behavior in Termites Treated with Noviflumuron. Consumption of Recruit HD baits was visible after 3 d of no-choice feeding. After termites were kept in plastic jar with wood for 11 d and in petri dish with Þlter paper dyed with Nile Blue A for an additional 48 h, we were able to obtain sufÞcient individuals in their premolting stage to perform behavioral observations and histological preparations. None of the novißumuron-affected individuals engaged in their molting process manifested the wrinkled cuticle feature or mottled head capsule as described by Raina et al. (2008) and Xing et al. (2013) . The moribund termites were motionless in most cases and their nest mates groomed them occasionally. The peristalsis contractions that normally initiate the ecdysis were weak in termites treated with novißumuron in comparison with the healthy molting individuals, and the dorsal breach expansion did not occur. Finally, novißumu-ron-treated individuals that initiated the ecdysis failed to complete their molting process, which inevitably led to the death of the affected termites. In these termites, we observed body ßuids leaking out of the cuticle segments, which induced cannibalism by the nest mates.
Changes in the Hindgut. Termites possess a dense symbiotic protozoan fauna (Fig. 1A) in their hindgut that is voided several days before ecdysis (Fig. 1B) . In novißumuron-treated termites, the gut was voided similar to healthy molting termites (Fig. 1C) . Because it was difÞcult to observe the cuticular intima of the hindgut using this histological method, we were unable to conÞrm if the cuticular lining was affected by the novißumuron treatment.
Changes in the Foregut. The distal part of the crop is composed of a large assembly of thick cuticular foldings (proventriculus), designated as the gizzard in termites (Noirot 1995) . The gizzard is surrounded by multiple layers of longitudinal muscles, whose contractions exert mechanical pressure of the cuticular foldings of the gizzard on the food particles, in the similar fashion as "internal teeth" (Fig. 2A) . During molting, these thick cuticular foldings are replaced with a new cuticular layer (Fig. 2B) . However, when treated with novißumuron, the new cuticle layer was altered, with a granular texture (Fig. 2C) instead of a smooth appearance. The grainy cuticle lost its integrity and appeared to be porous and was perhaps poorly functional. Concerning the folding of thin layers of cuticle of the esophagus, no clear change was observed.
Changes in Thoracic Pleurons. The pleural region is membranous and allows for a smooth articulation of the heavily sclerotized thoracic segments. Therefore, pleurons are ßexible with a thin cuticular lining that is essentially weakly sclerotized (Fig. 3A) . As the rest of the exoskeleton, pleurons are also shed during molting and the newly secreted membrane shows multiple folds to allow for body size increase and articulation ßexibility (Fig. 3B) . In novißumuron-treated termites, the pleural membrane showed little foldings and unusual sclerotized grains occurred within the membrane (Fig. 3C) , which appeared to hinder the ßexi-bility and disrupted the homogeneity of the pleurons. Changes in Abdominal Segments. The cuticle of the abdominal segments, tergites and sternites, in workers of C. formosanus is relatively thin and has a moderate sclerotization (Fig. 4A ) in comparison to the abdominal segments in alates. During molting, the cuticle of the segments is easily distinguishable by the separation of the old cuticle and the old conjunctive membrane between each segment from the newly formed exoskeleton (Fig. 4B) . In healthy termites, the new cuticle shows a wrinkled texture early in the molting process. These wrinkles disappear shortly after ecdysis, as the cuticle expands for the increase of the body volume (Xing et al. 2013 ). Novißumuron had a visible impact on the formation of the new cuticle (Fig. 4C) as sclerotization was altered, with a granular and porous aspect, and the new conjunctive membrane was sometimes not visible.
Changes in the Thoracic Segments. The thoracic segments usually have the thickest and most sclerotized cuticle in termite workers (except for the mandibles), with the pro-, meso-, and metanotum, and the leg insertions at the sternal level (Fig. 5A) . The thickness and the heavy sclerotization of the exoskeleton of the thorax prevent the cuticle to collapse during the locomotive muscle contractions. Similarly to the abdominal segments, the new cuticle is formed under- neath the old one during the molting process (Fig.  5B) ; however, novißumuron had the most visible effect of alteration at these locations (Fig. 5C ). The new cuticle did not form properly, with intense granular texture and porosity, which incapacitated most functionality of the thoracic segments.
Changes in the Muscles Attachment. In insects, the muscles are attached to sclerotized area of the exoskeleton to allow for contractions resulting into a movement ( Fig. 6A; Chapman 1998) . In a molting termite, the muscle Þbers detach from the old cuticle to then reattach to the new one through the epidermis (Fig. 6B) . Our observation showed that the novißu-muron treatment resulted in the reattachment of the muscles to a cuticle that had lost most of its integrity and that a muscle contraction would result in the collapsing and breaking of the exoskeleton (Fig. 6C) .
Changes in the Tracheas. The tracheal system (Fig.  7A) is renewed during ecdysis, with the separation of the old cuticular lining (Fig. 7B) , which is shed and pulled out as a tube (Xing et al. 2013) . However, in novißumuron-treated termites, the old cuticular lining did not always properly separate from the new chitinated intima (Fig. 7C) , preventing the tracheal exuviae to be fully extirpated.
Uric Acid. Novißumuron-treated individuals that were engaged in their molting process possessed an unusual quantity of uric acid that accumulated throughout the fat body. The creamy white coloration of the workers abdomen Þrst suggested the presence of high levels of uric acid in these individuals, and the histological observation conÞrmed the presence of uric acid, here revealed by the large quantity of red granules in the fat body (Figs. 1C, 3C, 4C, 7C) . 
Discussion
Our study conÞrmed that novißumuron affected the molting process of termites as it altered the formation of some tissues, although some other tissues were not as sensitive to the CSI treatment as previously suggested by Cohen and Casida (1980) . Behavioral and morphological observations showed that although a healthy molting termite displayed the mottled head capsule feature during the pre-ecdysis (Raina et al. 2008 , Xing et al. 2013 , such head capsule feature were not seen in termites treated with novißumuron. These termites were unable to shed their old cuticle and suffered from body ßuid loss during the peristalsis that initiated the ecdysis, resulting in the death of these individuals, trapped in their old exuviae. These ßuids and injuries could induce cannibalism (Castle 1934 , Williams 1959 and may further promote the spread of novißumuron to other nest mates.
Most of the newly secreted exoskeleton was morphologically altered, rendering the cuticle nonfunctional. The extreme alteration of the cuticle of the thoracic segments and the abdominal segments with a granular and porous aspect, explained why the ecdysial peristalsis could not be expressed properly: as the muscles contracted, the altered cuticle was pulled inside, tearing the cuticle apart, instead of resulting in a proper movement. Pleural membranes and conjunctive membranes were either unusually sclerotized or abnormally thin, thus further preventing a successful peristalsis. Therefore, our histological observations supports that a novißumuron-treated termite primarily bleeds to death during ecdysis as a result of a dysfunctional newly formed exoskeleton, with altered membranes and weakened and granular hard cuticle.
Although the physiological disruptions leading to the death of the termites were mainly located on the external part of the exoskeleton, we also observed cuticular alteration within internal structures. The old tracheal intima was incompletely shed, which would hinder the termite from proper respiration even if it would have survived the ecdysis. In addition, although we were not able to observe any alteration at the hindgut level, a strong cuticular disruption was found in the gizzard (highly sclerotized structure on the lower part of the crop, according to Noirot 1995) . The cuticular foldings of the gizzard are used by termites as "internal teeth" that can crush the wood Þbers at the crop level (Grassé 1982) . Because of the strong pressure exerted on the gizzard by the longitudinal muscles, the cuticle must be thick enough to be functional. During the molting process of novißumuron-treated termites, this thick cuticle did not form properly, showing a granular and porous cuticle that disrupted the integrity of the crop intima. If a termite would survive the external bleeding that occurs during ecdysial peristalsis, the gizzard would break apart when the termite starts feeding again, resulting in internal bleeding and eventual death.
In this study, most of the termites kept in groups of 3,000 that picked up Nile Blue A (and thus were not ready to molt) were still alive 12 wk after the novißumuron exposure. Such observation may imply that to fully express its pathology, novißumuron may need to be absorbed at a threshold dose, and most importantly, at a critical time before the next molt. There is therefore a possibility that novißumuron could be partially excreted or degraded (Sheets et al. 2000 , Karr et al. 2004 ) if the novißumuron feeding process is initiated after this critical time.
Novißumuron-exposed termites that were sampled for histological study all displayed a creamy white texture in their abdomen, which is a characteristic sign of uric acid accumulation (Wigglesworth 1941 , Srivastava and Gupta 1961 , Klitschka et al. 1986 , and was supported by our histological observations. Uric acid accumulation in termites usually occurs in stressed individuals or in old individuals that no longer molt (Alibert and Martoja 1976, Grassé 1982) . The rapid accumulation (within 2 wk) of large quantities of uric acid in novißumuron-exposed termites suggests that these individuals were already in a state of physiological stress even before the initiation of the ecdysis. Therefore, we cannot exclude that the CSI treatment alters other physiological functions that are not involved in the formation of a new cuticle; however, our observations could not determine which functions.
In conclusion, our results conÞrmed the statement of Su and Scheffrahn (1993) that the disruption of the molting process by CSIs results in termite mortality. Under the effect of novißumuron, the new exoskeleton was not properly formed during ecdysis. The granular cuticle and altered membranes led to a structural weakness, and the peristaltic movements tore the cuticle apart, causing lethal wounds to the molting termite. Our study now provides a better understanding of the proximal mechanism of the action of novißumuron on individual termites, which helps explain why baiting systems using CSIs can be successful (Rust and Su 2012) .
